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SUMMARY

Aims: To date, no reliable methods have proven effective for treating spinal cord injury

(SCI). Even systemic administration of methylprednisolone (MP) remains controversial. We

previously reported that intrathecal (i.t.) administration of granulocyte colony-stimulating

factor (G-CSF) improves outcome after experimental spinal cord ischemic insults in rats.

The present study aimed to examine the neuroprotective efficacy of i.t. G-CSF or MP in rats

with SCI.Methods: Female rats were subjected to spinal cord contusion injury at T10 using

NYU impactor. We i.t. administered G-CSF (10 lg) or MP (one bolus of 100 lg, followed by

18 lg/h infusion for 23 h) immediately after SCI. Results: Both G-CSF and MP signifi-

cantly improved the rats’ motor function after SCI. Immunofluorescence staining revealed

suppressed expression of transforming growth factor-beta 1 (TGF-b1), chondroitin sulfate

proteoglycans (neurocan and phosphacan), OX-42 and tumor necrosis factor alpha after i.t.

G-CSF, but not MP, in rats with SCI. In addition, G-CSF significantly decreased the expres-

sion of astrocytic TGF-b1 and glial fibrillary acidic protein around the injury site. Further-

more, rats with G-CSF treatment showed increased neurofilament expression beyond the

glial scars. Conclusion: Direct i.t. administration of G-CSF provides a promising therapeutic

option for SCI or related spinal diseases.

Introduction

An estimated 3 million people worldwide have spinal cord injury

(SCI). Every year, more than 20,000 new cases of SCI are reported

(International Campaign for Cures of Spinal Cord Injury Paraly-

sis). The clinical trials, National Acute SCI Study (NASCIS) 2 and

3, suggested that high dose of methylprednisolone (MP) provided

neurological improvement in acute SCI [1, 2]. Therefore, the MP

treatment became the standard of care in acute SCI [3]. However,

improvements in the functional outcome of humans with SCI

using MP are still controversial, and high systemic doses of MP are

accompanied by adverse side effects [4, 5]. Moreover, clinical tri-

als have clearly indicated that MP does not significantly attenuate

SCI-induced neurological dysfunction [6, 7]. Thus, discovering

other pharmacological agents that can promote functional recov-

ery is desirable.

Granulocyte colony-stimulating factor (G-CSF) is a granulocyte

regulator that was originally used to treat neutropenia. Our previ-

ous reports and several other recent studies have indicated that in

addition to its hematopoietic effects, G-CSF possesses nonhemato-

poietic functions and can be used as a potential drug for neurode-

generative diseases, including stroke and spinal cord ischemic,

mechanical, and transection injuries [8–13]. A phase I/IIa clinical

trial of SCI has reported neurological improvement after G-CSF

administration [14, 15]. Based on primary safety endpoints of

clinical trial IIa, Schabitz et al. [16] concluded that the number of

leukocytes substantially increases after systemic G-CSF adminis-

tration in humans and reduced rapidly after the end of treatment,

and suggest the G-CSF is safe in patients. To date, G-CSF is one of

the few growth factors approved for clinical use.

Intrathecal (i.t.) administration may be a more promising

option compared to systemic administration. Because i.t. adminis-

tration requires a smaller dose (approximately 1–2% of the sys-

temic dose) and has a direct effect on the injured region, this

allows a reduction in the adverse side effects and prevents the deg-

radation of the drug’s effect compared to systemic injection. Fur-

thermore, compared to systemic injection, the direct effect on the

injured region by i.t. administration allows the direct evaluation
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of the neuroprotective mechanisms of G-CSF on the central ner-

vous system (CNS) in SCI. Investigating the cellular mechanisms

that may contribute to the neuroprotective or adverse effects of

G-CSF is important for its use in clinical practice.

It is accepted that glial cells (astrocytes and microglia) in the

CNS likely participate in neuroinflammation and glial scar forma-

tion. These are critical events in the detrimental responses after

CNS insults. Our previous study indicated that i.t. G-CSF can

modulate spinal cord ischemia-induced glial cell (astrocyte and

microglia) activation and upregulate growth factors expression in

glial cells [11]. Kawabe et al. [17] also found that G-CSF has the

capacity to activate glial cells and enhance the expression of vas-

cular endothelial growth factor (VEGF) after SCI. Thus, in SCI, we

hypothesized that the direct neuroprotective effects of G-CSF

were due to its modulation of glial cell functions. In the present

study, we used Wistar rats with experimental SCI induced by the

New York University (NYU) impactor device. Our aims were to

assess the effects of direct spinal administration of G-CSF on the

injury-induced glial scar, as well as to examine the effects of G-

CSF on neurodegeneration and glial activation.

Materials and Methods

Implantation of i.t. Catheters

Female Wistar rats (weight, 300–320 g) were used in the experi-

ments. As described in a previous study [11], i.t. catheters were

inserted via the atlantooccipital membrane into the i.t. space at

the level of T12 in the spinal cord and externalized and fixed to

the cranial aspect of the head. Rats with i.t. catheters were housed

individually and exposed to a daily 12-h light/dark cycle with

access to food and water ad libitum. The rats that showed abnormal

locomotor behavior or the presence of fresh blood in the cerebro-

spinal fluid were excluded from the study. The use of animals con-

formed to the Guiding Principles in the Care and Use of Animals

of the American Physiology Society and was approved by the

National Sun Yat-Sen University Animal Care and Use Commit-

tee.

Spinal Cord Contusion Injury in Rats

A 4-day recovery period was allowed after implantation of the i.t.

catheter, and spinal cord contusion injury was subsequently per-

formed. Spinal cord contusion was performed under 2.5% isoflu-

rane anesthesia and prophylactic administration of cephalosporin.

While anesthetized, rats received a spinal cord contusion injury

utilizing the NYU impactor device (W.M. Keck Center for Collabo-

rative Neuroscience, Rutgers University, NJ, USA). Laminectomy

of the caudal portion of T9 and all of T10 was performed to expose

the spinal cord. The intact T10 spinal cord was contused with the

NYU weight-drop device (from a height of 50 mm). Bladder evac-

uation was applied twice daily for at least 7 days.

Drug Treatment

The dose of i.t. MP was calculated and modified according to Xu

et al. [18] and clinical treatment [14]. The systemic dosage of MP

in humans was converted to a corresponding i.t. dosage in rats as

follows: 30 mg/kg (human systemic) = 0.3 mg/kg (i.t. for

human) = 0.1 mg/rat (i.t.) administered as a bolus. During the

23 h following SCI, 5.4 mg/(kg h) (human systemic) = 0.054 mg/

(kg h) (i.t. for humans) = 0.018 mg/(rat h) (i.t.). As the average

weight of animals in this study was 300 g, we divided the dose for

humans by 3 to determine the dose for rats (0.3 mg/kg [human]/

3 = 0.1 mg/300 g for rat). The i.t. dosage of G-CSF was 10 lg, in
accordance with our previous studies [9–11]. The rats received

drug treatment immediately after using the NYU impactor to

generate the SCI. The rats were divided into four groups, as

follows:

1 Sham group: T9–T10 vertebrae were exposed without injury,

and the rats received i.t. injection of artificial cerebrospinal

fluid (aCSF, 26.5 lL) and aCSF (1 lL/h) infused by osmotic

pump (Alzet, Cupertino, CA, USA) for 23 h after the injury.

2 SCI control group: rats with SCI received an i.t. injection of a

bolus of aCSF (26.5 lL) and then had aCSF (1 lL/h) infused

by osmotic pump for 23 h after the injury.

3 SCI + MP group: rats with SCI received an i.t. injection of a

bolus of MP (0.1 mg; Solu Medrol�; Pharmacia & Upjohn

Company, Kalamazoo, MI, USA) and then had MP infused

(18 lg/[lL h]) by an osmotic pump for 23 h after the injury.

4 SCI + G-CSF group: rats with SCI received a bolus of G-CSF via

i.t. injection (10 lg/23 lL; Chugai Pharmaceutical Co.,

Kitaku, Tokyo, Japan), followed by a flush with 3.5 lL of

aCSF, and then had aCSF infused by osmotic pump (1 lL/h)
for 23 h after the injury.

Behavioral Analysis

The 21-point Basso–Beattie–Bresnahan (BBB) locomotion scale

[19] was used to evaluate the improvement in hind limb function

in the treated animals with SCI (n = 8 per group). The BBB scores

were recorded every 3 days following SCI by independent exam-

iners who were unaware of the experimental groups.

Immunohistochemistry and Quantification

The immunohistochemical procedures and the quantification of

immunochemistry were performed as previous described [9–11,

20, 21]. Briefly, under isoflurane anesthesia, the rats (n = 4 per

each group per each time point) were intracardially perfused and

the thoracic vertebrae (T8–T12) were harvested. The spinal cord

tissues harvested at the different time points from different treat-

ment groups were then mounted on the same block in optimal

cutting temperature compound to decrease the variation. Next,

20-lm-thick sections incubated for 1 h at room temperature with

4% normal horse serum in 0.01% Triton X-100 and PBS follow by

incubated overnight at 4°C with primary antibodies (Table 1) in

PBS. The sections were then incubated with CyTM3-labeled donkey

anti-rabbit antibody (Jackson ImmunoResearch Laboratories Inc.,

West Grove, PA, USA) and/or Alexa Fluor 488-labeled chicken

anti-mouse antibody (Molecular Probes Inc., Eugene, OR, USA)

for 1 h at room temperature. The sections were examined using a

Leica TCS SP5II fluorescence microscope (Leica, Wetzlar, Ger-

many), and images were captured using a SPOT Xplorer Digital

camera (Diagnostic Instruments Inc., Sterling Heights, MI, USA).
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For quantification of immunofluorescence staining in each group,

every fourth section at approximately 400 lm rostral to the lesion

epicenter was selected from a series of consecutive thoracic spinal

cord sections, and four successive sections were measured. Immu-

nofluorescence was measured, and images were acquired from

whole portions of the spinal cord sections under a 2.59 objective.

Confocal images (Figures 2C and 5C) were captured by Leica TCS

SP5II equipped with Leica HyD (Hybrid Detector). The exposure

time was the same for all spinal cord sections in the same micro-

scopic slide.

Statistical Analysis

All data are presented as the mean � the standard error of

the mean (SEM). Neurological outcomes after SCI were analyzed

by two-way repeated-measures analyses of variance (ANOVA)

with group and time point as independent variables fol-

lowed by post hoc pairwise multiple comparison using the

Student–Newman–Keuls method. For immunohistochemical

analyses, significant differences between the treatment groups

were assessed and were analyzed using one-way ANOVA followed

by Student–Newman–Keuls post hoc tests for multiple compari-

sons. A P value of <0.05 was considered statistically significant.

Results

Administration of i.t. G-CSF Improved
Neurological Outcomes After SCI

The motor function of the rats was monitored in accordance with

the guidelines of the BBB locomotor scores. The i.t. injection of

G-CSF significantly inhibited the SCI-induced neurological dys-

function from day 6 to day 30 after injury (Figure 1). The i.t. con-

tinuous infusion of MP significantly improved the functional

outcome in SCI rats at days 21 to 30 after injury. The rats from the

sham group and those treated with i.t. G-CSF, MP, or aCSF with-

out SCI exhibited a normal neurological outcome from day 1 to

day 30 after injection (data not shown). For analyzing the time

series results, the area under the curve (AUC) value of the calcu-

lated BBB scores was determined for the various experimental

times [22]. There were statistical differences between the SCI

control and SCI + G-CSF groups, SCI control and SCI +MP groups,

and between the SCI + G-CSF and SCI + MP groups. These results

demonstrate significant improvement of the G-CSF- and MP-trea-

ted groups following SCI. Moreover, the attenuation of SCI-

induced motor dysfunctions in the G-CSF-treated group was

better than that in the SCI +MP group.

Effects of G-CSF on Spinal Transforming Growth
Factor-beta 1 (TGF-b1) Expression in SCI

As shown in Figure 2A, TGF-b1 immunoreactivity (IR) around

the lesion site was clearly increased at 6 h, 3 days, and 7 days

after SCI. Compared to the SCI control group, the group that

received i.t. G-CSF showed obviously decreased spinal TGF-b1 IR,

Figure 1 Administration of i.t. G-CSF or MP

improves locomotor functions after SCI. A

significant improvement in hind limb motor

function was observed in the G-CSF-treated

group compared with the SCI control or SCI +

MP groups after SCI. The AUC (bar chart)

presents the evolution of the BBB score over

time for each group. Both treatments showed

significantly improved recovery chronically

after SCI. *P < 0.05, compared with the SCI

control group; #P < 0.05, compared with the

SCI +MP group.

Table 1 Antibodies used in this study

Primary

antibody Supplier Catalog # Host

Cd11b (OX-42) Serotec (Raleigh, NC, USA) MCA275 Mouse

GFAP Chemicon (Temecula, CA, USA) MAB3402 Mouse

GFAP GeneTex (Irvine, CA, USA) GTX61295 Rabbit

Neurocan Chemicon (Temecula, CA, USA) MAB5212 Mouse

Neurofilament Chemicon (Temecula, CA, USA) MAB5262 Mouse

PCNA Cell signaling (Danvers, MA, USA) 2586 Mouse

Phosphacan Chemicon (Temecula, CA, USA) MAB5210 Mouse

TGF-b1 Abcam (Cambridge, MA, USA) ab92486 Rabbit

TNF-a Invitrogen (Carlsbad, CA, USA) ARC3012 Rabbit

Vimentin Invitrogen (Carlsbad, CA, USA) 18-0052 Mouse

GFAP, glial fibrillary acidic protein; PCNA, proliferating cell nuclear anti-

gen; TGF-b1, transforming growth factor-beta 1; TNF-a, tumor necrosis

factor alpha.
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while MP administration attenuated the SCI-induced upregula-

tion of TGF-b1 expression at day 3 after SCI. Quantification of the

TGF-b1 IR further confirmed that the TGF-b1 levels were signifi-

cantly upregulated 6 h, 3 days, and 7 days after SCI, and that i.t.

G-CSF significantly decreased spinal TGF-b1 expression in rats

with SCI (Figure 2B). MP administration significantly inhibited

the SCI-induced TGF-b1 expression at days 3 and 7 after SCI.

Using double immunofluorescence staining, we found that the

TGF-b1 IR signal was colocalized with the astrocyte-specific mar-

ker glial fibrillary acidic protein (GFAP) at day 3 after SCI. Fur-

thermore, i.t. G-CSF inhibited the SCI-induced TGF-b1 expression

in astrocytes at day 3 after SCI (Figure 2C).

Effects of G-CSF on Neurocan and Phosphacan
Expression in SCI

Expression of the chondroitin sulfate proteoglycans (CSPGs) neu-

rocan and phosphacan around the lesion site was examined by

immunohistochemistry at 3, 7, and 30 days after SCI. As shown in

Figure 3, compared to the sham group, both neurocan and phos-

phacan IR around the lesion site were obviously increased from 3

to 30 days in the SCI control, SCI + MP, and SCI + G-CSF groups

after injury. Compared with the SCI control group, the group that

received i.t. G-CSF demonstrated inhibited neurocan and phosph-

acan expression at days 7 and 30 after injury. The quantification

results further confirmed that neurocan and phosphacan IR signif-

icantly increased 3 to 30 days after SCI. The levels of neurocan

and phosphacan IR in the SCI + G-CSF group were significantly

lower than the levels in the SCI control group at 7 and 30 days

after SCI. MP administration significantly inhibited only the SCI-

induced neurocan upregulation from 3 to 30 days after SCI.

G-CSF Increases Axon Distribution Within the
Lesion Site

As shown in Figure 4, the spinal sections are colabeled with anti-

bodies against an axon marker (heavy-chain neurofilament, NF)

and astrocyte marker (GFAP), thus illustrating the distribution of

axons within the epicenter of the lesion. There are NF axons

within the GFAP IR border of the lesion in the above groups.

GFAP IR accumulated at the edge of the contusion injury region.

The NF IR profiles in both the SCI control and SCI + MP groups

(A)

(B) (C)

Figure 2 Immunohistochemistry and IR analyses of the effects of i.t. G-CSF on spinal TGF-b1 expression in rats with SCI. (A) Spinal cord sections from the

sham, SCI control, SCI + MP, and SCI + G-CSF groups were harvested at 6 h, 3 days, and 7 days after SCI and incubated with anti-TGF-b1 antibody. These

results show SCI-induced upregulation of spinal TGF-b1 IR at 6 h, 3 days, and 7 days after injury. The i.t. G-CSF clearly inhibited the SCI-induced TGF-b1

upregulation. (B) Quantification of the IR of TGF-b1 was expressed as the fold change compared to control animals (at each time point), which were

considered to be 1. Administration of i.t. G-CSF significantly attenuated the SCI-induced upregulation of TGF-b1 at 6 h, 3 days, and 7 days after injury. (C)

Double immunofluorescence of spinal TGF-b1 (red) plus the astrocyte-specific marker GFAP (green) in the SCI and G-CSF groups at 3 days after SCI.

Confocal images showed that astrocytes were colocalized with TGF-b1 in the SCI control group. G-CSF attenuated the SCI-induced TGF-b1 expression in

astrocytes. +P < 0.05, compared with the sham group; *P < 0.05, compared with the SCI control group; #P < 0.05, compared with the SCI + MP group.

Scale bar: 50 lm.
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were less than that in the SCI + G-CSF group. The quantification

results showed that there were significant differences in NF IR

(axon density) between the SCI control and SCI +MP groups. Spe-

cifically, there was a significant increase in the axonal density of

the SCI + G-CSF group compared with that of the SCI control and

SCI +MP groups.

Effects of G-CSF on SCI-induced Astrocyte and
Microglial Cell Activation

Upregulation of GFAP and OX-42 IR at the lesion site revealed

astrocytic and microglial activation. The GFAP IR (Figure 5A) and

OX-42 IR (Figure 5B) were obviously increased from days 3 to 14

after SCI. Moreover, compared with the sham group, the SCI con-

trol, SCI + MP, and SCI + G-CSF groups had markedly higher

GFAP and OX-42 IR. Administration of G-CSF enhanced the SCI-

induced upregulation of GFAP IR at 7 and 14 days (Figure 5A)

and clearly decreased OX-42 IR from 3 to 30 days after SCI. Com-

pared with the SCI control group, the SCI +MP group showed up-

regulated GFAP IR and downregulated OX-42 IR at 14 days after

SCI. Quantification showed that both the GFAP and OX-42 IR

were significantly increased in the SCI control, SCI + MP, and SCI

+ G-CSF groups from 3 to 30 days after injury. G-CSF administra-

tion significantly increased the SCI-induced GFAP IR upregulation

at 7 and 14 days after injury. MP administration significantly

enhanced GFAP IR at 14 days after injury. At Day 30 after SCI,

morphological analysis of astrocytes showed extensive gliosis,

hypertrophic soma with overlapping processes, and formation of

dense plexus in the SCI control group. Compared to the SCI con-

trol group, the SCI + MP group showed lesser overlapping pro-

cesses. The SCI + G-CSF group showed lesser gliosis than the

vehicle-treated and SCI + MP groups. To determine the effect of

G-CSF on gliosis, we performed immunohistochemical staining

for two gliosis markers, vimentin and proliferating cell nuclear

antigen (PCNA), on 7 days after SCI (Figure 5C). We observed

intense PCNA IR at the lesion border in the SCI control and SCI +

MP groups, and most of the PCNA IR signal colocalized with the

GFAP IR signal. PCNA IR was lesser in the SCI + G-CSF group

compared to the SCI control and SCI + MP groups. The vimentin

IR signal intensity increased in the SCI control, SCI + MP, and SCI

(A) (B)

Figure 3 The effect of i.t. G-CSF on the expression of spinal CSPGs in SCI rats. The spinal cord tissues were immunofluorescence stained for neurocan (A)

and phosphacan (B) at 3 days, 7 days, and 30 days after SCI. The results show SCI-induced upregulation of spinal neurocan and phosphacan IR from 3 to

30 days after injury. The i.t. G-CSF inhibited both neurocan and phosphacan upregulation at 7 days and 30 days after SCI. Quantification of the IR of

neurocan and phosphacan is expressed as the fold change compared to control animals (at each time point), which was considered to be 1.

Administration of i.t. G-CSF significantly attenuated the SCI-induced upregulation of neurocan and phosphacan at 6 and 30 days after injury. M indicates

the lesion area. +P < 0.05, compared with the sham group; *P < 0.05, compared with the SCI control group; #P < 0.05, compared with the SCI + MP

group. Scale bar: 200 lm.
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+ G-CSF groups after SCI. G-CSF treatment attenuated the SCI-

induced upregulation of vimentin at 7 days after SCI. The SCI +

G-CSF group had a significantly decreased level of OX-42 IR

expression in the epicenter of the injury site from 3 to 14 days

after SCI compared with the SCI control and SCI +MP groups. MP

administration significantly inhibited the SCI-induced OX-42 IR

upregulation only at 14 days after SCI (Figure 5B). There were no

significant differences between the SCI control, SCI +MP, and SCI

+ G-CSF groups at 30 days after SCI (data not shown).

Effects of G-CSF on SCI-induced Upregulation of
Spinal Tumor Necrosis Factor Alpha (TNF-a)
Expression

Near the epicenter of the injury site, TNF-a IR at 3 to 14 days after

injury was clearly increased in the SCI control, SCI + MP, and SCI

+ G-CSF groups compared with the sham group (Figure 6).

Administration of G-CSF clearly inhibited the SCI-induced upreg-

ulation of TNF-a expression from 3 to 14 days after SCI. Con-

versely, MP administration did not attenuate TNF-a upregulation

after SCI in our experiment. Quantification of the TNF-a IR fur-

ther confirmed that the TNF-a levels were significantly increased

from 3 to 14 days after injury in the SCI control, SCI + MP, and

SCI + G-CSF groups. G-CSF, but not MP, administration signifi-

cantly decreased TNF-a expression after SCI.

Discussion

In the present study, we clearly demonstrated that an i.t. injection

of G-CSF significantly improved the neurological outcomes and

spinal tissue integrity in rats after SCI. The neuroprotective poten-

tial of local G-CSF administration was better than that for MP

administration. From the immunofluorescence analyses, we

found that G-CSF, but not MP, inhibited the SCI-induced upregu-

lation of TGF-b1 and two CSPG (neurocan and phosphacan) pro-

teins around the lesion epicenter. Moreover, i.t. G-CSF inhibited

microglial cell overactivation and proinflammatory TNF-a upregu-

lation after SCI. We suggest that the direct central administration

of G-CSF inhibited CSPGs and spinal neuroinflammation in SCI,

which may result in increased axon redistribution within the

lesion site. Collectively, the present findings support the hypothe-

sis that direct spinal G-CSF administration can inhibit TGF-b1 and

CSPG, which may play critical roles in the attenuation of neuro-

logical dysfunctions due to SCI.

The Advantages of i.t. Delivery for SCI

To date, few pharmacological agents have been used to treat SCI.

Thus, reducing systemic exposure to MP by administering the

drug directly into the spinal cerebrospinal fluid may confer impor-

tant clinical benefits. Compared to systemic administration, i.t.

MP administration resulted in a 30-fold increase in MP concentra-

tion in the spinal cord and a greater than 300-fold increase in the

therapeutic index of MP [23]. The present results clearly indicate

that central administration of MP and G-CSF improved the SCI-

induced neurological dysfunctions in rats. Potential therapeutic

interventions include the use of drug cocktails with antiinflamma-

tory, neurotrophic, and anti-excitotoxic agents in the acute phase

after SCI. Therefore, we strongly propose that direct delivery of

neuroprotective plus antiinflammatory agents to the injured

Figure 4 The effect of i.t. G-CSF on

neurofilaments (NFs) in the lesion core at

30 days after SCI. Double immunostaining

showing the relationship between the

astrocyte-specific marker GFAP (green) and the

axon marker NF (red) expression at the lesion

epicenter in the SCI control, SCI +MP, and SCI

+ G-CSF groups. Quantification of the same

area of IR of NFs is expressed as the fold

change compared to SCI animals, which was

considered to be 100%. Administration of i.t. G-

CSF, but not MP, significantly attenuated the

SCI-induced downregulation of NF IR.

*P < 0.05, compared with the SCI control

group; #P < 0.05, compared with the SCI +MP

group. Scale bar: 500 lm.
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region of the spinal cord by i.t. injection may serve as a positive

therapeutic strategy and may decrease the systemic adverse side

effects for patients with SCI.

Effects of G-CSF on CSPGs

The glial scar not only forms a physical barrier to axonal regenera-

tion, but also expresses CSPGs, which limit neurite outgrowth

across the lesion site [24, 25]. CSPGs, including neurocan, versi-

can, brevican, phosphacan, and NG2, which are present in mas-

sive quantities in glial scars, are secreted by reactivated astrocytes

after CNS insults [26]. The present study provides evidence that

exogenous G-CSF by i.t. administration can suppress the expres-

sion of two subtypes of CSPG, neurocan and phosphacan, at the

spinal level from 3 to 30 days after SCI. Moreover, G-CSF also

inhibited the SCI-induced intensive expression of GFAP around

the cavity at 30 days after SCI (Figure 5). Our results clearly

indicate that G-CSF can attenuate glial scar formation and

improve neurological recovery after SCI. Our findings are partially

supported by Chung et al. [27], who suggested that systemic G-

CSF can suppress glial scar formation after SCI in rats, possibly by

restricting the expression of GFAP and CSPG, which might facili-

tate functional recovery after SCI. Although the antiglial scar

effects of G-CSF have been described following SCI, the modula-

tion of the glial scar and CSPG by G-CSF and the mechanisms

involved have not been elucidated.

Many studies have demonstrated that TGF-b1 is a potent indu-

cer of glial scars [28–30] and their associated neurite outgrowth

inhibitor molecules, including CSPG formation [31–33]. Similar to

previous studies, our current data also show a rapid and dramatic

increase in TGF-b1 expression after SCI [34, 35]. Previous studies

have demonstrated that TGF-b1 participates in the organization of

the glial scar in response to a number of CNS pathological insults

[36–38]. They also strongly propose that inhibiting TGF-b1

(A) (B) (C)

Figure 5 Immunohistochemistry and IR analyses of the effect of i.t. G-CSF on astrocyte and microglial cell activation after SCI. Spinal cord sections from

the sham, SCI control, SCI + MP, and SCI + G-CSF groups were harvested at 3, 7, and 14 days after SCI and incubated with antibodies for the astrocyte-

specific marker GFAP (A) or the microglial cell-specific maker OX-42 (B). Immunohistochemistry for proliferating cell nuclear antigen (PCNA) and vimentin

was performed to evaluate gliosis at 7 days after SCI, and the images were captured by confocal microscopy. The quantification was performed from

nonconfocal immunofluorescence images (C). The results show SCI-induced upregulation of spinal GFAP and OX-42 IR from 3 to 14 days after injury. The

i.t. G-CSF clearly enhanced GFAP and inhibited OX-42 expression after SCI. Quantification of the IR of GFAP and OX-42 is expressed as the fold change

compared to control animals (at each time point), which was considered to be 100%. G-CSF significantly upregulated GFAP and downregulated OX-42

expression after SCI. +P < 0.05, compared with the sham group; *P < 0.05, compared with the SCI control group; #P < 0.05, compared with the SCI + MP

group. Scale bar: 200 lm; 50 lm in 30 days; 100 lm in C.
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expression is a promising strategy for repairing CNS injuries.

Moreover, CNS injury-induced inflammatory processes can con-

tribute to/enhance the upregulation of CSPG expression, leading

directly to environments that are nonpermissive to neurite growth

[39, 40]. Mounting evidence suggests that G-CSF exerts antiin-

flammatory effects, thereby inhibiting signaling pathways and

reducing the overproduction of pro-inflammatory cytokines [9,

41, 42]. Here, we report for the first time that G-CSF can suppress

the expression of spinal astrocytic TGF-b1 after SCI, possibly

through antiinflammatory processes.

The Neuroprotective Effects of G-CSF on SCI-
induced TGF-b1 Upregulation

There are at least two possibilities for how the direct i.t. G-CSF

administration improved the axon distribution in the lesion site

after SCI via modulating the TGF-b1 expression. One is that TGF-

b1 signaling directly inhibits axon growth and promotes glial scar

formation. It is known that the neurite growth inhibitor small

GTPase Rho and its downstream effector serine/threonine kinase

Rho kinase (Rho/ROCK) can be activated by TGF-b1 [43–45].

Several studies have also indicated that inhibition of Rho/ROCK

increases neurite outgrowth and accelerates neurological recovery

after injury [46, 47]. The present study found that G-CSF attenu-

ated the SCI-induced spinal TGF-b1 upregulation. Inhibition of

TGF-b1 may downregulate the Rho/ROCK pathway, resulting in

axon growth. Neurite outgrowth is considered a critical process

for neuroregeneration and neurological recovery. Our present

findings support this notion, as our double immunohistochemis-

try results show that G-CSF increased the axon distribution in the

lesion site after SCI.

Another possible mechanism underlying the protective role of

G-CSF in the modulation of TGF-b1 after SCI is the attenuation of

glial scar formation. Kohta et al. [29] found that inhibiting TGF-

b1 promotes functional recovery and axon growth after SCI. In vi-

tro and in vivo experiments suggest that inhibiting Rho/ROCK sig-

naling attenuates CSPG expression [48, 49]. Our present results

clearly show that i.t. G-CSF attenuates SCI-induced spinal TGF-b1
and CSPG upregulation, which is accompanied by inhibited axon

growth. Thus, we suggest that G-CSF downregulates TGF-b1
expression, which decreases the downstream Rho/ROCK activity,

resulting in an environment that is permissive to axon growth.

Effects of G-CSF on SCI-induced Glial Cell
Activation

Studies reported that G-CSF and G-CSF receptor are expressed in

glial cells and are upregulated in response to neuronal injury [50,

51]. Administration of G-CSF can enhance the expression of the

spinal neurogenesis factors GDNF and VEGF-A in astrocytes in

na€ıve and spinal ischemic rats [11]. It is well known that astro-

cytes participate in anisomorphic astrogliosis (reactive gliosis) and

isomorphic astrogliosis (astrocyte activation) in neuropathological

and neuroprotective reactions, respectively. Reactive gliosis can

release proinflammatory mediators and contribute to secondary

damage to the CNS [52]. In contrast with anisomorphic astroglio-

sis, isomorphic astrogliosis is also accompanied by astrocyte hyper-

trophy and can rescue or protect injured neuronal cells by

releasing neurotrophic factors [52, 53]. Our present immunohis-

tochemical observations showed that G-CSF, but not MP, signifi-

cantly enhanced the expression of GFAP at 7, 14 (Figure 5A), and

30 (data not shown) days after SCI. We propose that the i.t. G-CSF

activated astrocytes (isomorphic astrogliosis), thus reducing

insults by releasing neurotrophic factors, which play important

roles in the development of secondary injury after SCI. Immuno-

histochemical analysis on 7 days after SCI showed reduced levels

of the anisomorphic astrogliosis markers PCNA and vimentin in

the SCI + G-CSF group (Figure 5C). Further, morphological analy-

sis performed 30 days after SCI (Figure 5A) revealed that G-CSF

treatment had attenuated hypertrophy of astrocytes, and astro-

cytic process overlapping was lesser in the SCI + G-CSF group than

in the SCI control and SCI + MP groups. Therefore, we suggest

that G-CSF may directly produce a beneficial effect by activating

astrocytes (isomorphic astrogliosis).

Figure 6 The effect of G-CSF on the upregulation of spinal TNF-a

expression after SCI. The spinal cord tissues were immunostained for

TNF-a at 3, 7, and 14 days after SCI. The expression of TNF-a IR was

increased from 3 to 14 days in the SCI and MP groups, as compared

to the TNF-a IR of the sham or SCI + G-CSF groups. Quantification of the

TNF-a IR is expressed as the fold change compared to control animals (at

each time point), which was considered to be 1. G-CSF, but not MP,

significantly attenuated the SCI-induced upregulation of TNF-a from 3 to

14 days after injury. +P < 0.05, compared with the sham group;

*P < 0.05, compared with the SCI control group; #P < 0.05, compared

with the SCI +MP group. Scale bar: 50 lm.
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Microglial cells are involved in signaling cascades that are associ-

ated with proinflammatory mediators and their receptor systems

[54]. Previous studies have shown that implanting grafts with mi-

croglia or macrophages can promote axon regeneration after SCI

[55, 56]. Similar to the dual opposing functions of astrocytes, evi-

dences indicate that microglia are beneficial because they are capa-

ble of supplying neurotrophic factors [57, 58]. The above evidence

suggests that microglial activation may have beneficial effects after

neurodegenerative insults. However, the long-term activation of

microglia results in pathological forms of inflammation, resulting in

the development/progression of neurodegenerative diseases [59,

60]. Our present data clearly show upregulation of the SCI-induced

OX-42 from 3 to 14 days after injury. The SCI-induced spinal mi-

croglial activation was inhibited by i.t. G-CSF and MP. However,

there were no significant differences in OX-42 between the SCI

control, SCI + G-CSF, and SCI + MP groups at 30 days after SCI

(data not shown). Moreover, i.t. G-CSF or MP attenuated SCI-

induced pro-inflammatory TNF-a expression in the spinal cord. G-

CSF may attenuate SCI-induced neuroinflammatory responses

after SCI. However, the effects of i.t. G-CSF on spinal cord ischemic

injury-induced spinal glial activation in the present study were dif-

ferent from our results in previous studies. Our previous studies

demonstrated that i.t. G-CSF enhanced spinal ischemia-induced

microglial activation and inhibited spinal ischemia-induced astro-

cyte activation at 48 h after injury. We speculate that G-CSF has

different effects on microglia and astrocytes depending on which

neuronal insult model and analysis time points are used.

Summary

Systemic G-CSF has a marked neuroprotective effect on neurode-

generative diseases, and the possible mechanisms include modula-

tion of neuronal apoptosis, excitotoxicity, glial scar formation,

neuroinflammation, trophic factors, stem cells, and neuronal plas-

ticity. However, more information regarding the optimal site of

administration and direct cellular mechanisms of G-CSF in neuro-

nal injury is needed. In the present study, we demonstrate for the

first time that direct i.t. delivery of G-CSF also exerts neuroprotec-

tive effects on SCI by attenuating glial scar formation. Administer-

ing i.t. G-CSF suppressed spinal TGF-b1 upregulation after SCI,

possibly by restricting the expression of CSPGs and microglial acti-

vation at the spinal level, which might facilitate axonal regenera-

tion, thus promoting neurological recovery after SCI.
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